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ABSTRACT

Author: Vue, Jeremiah, M. MS
Institution: Purdue University
Degree Received: December 2017
Title: Metabolic Engineering for Aromatic Amino Acids in Cyanobacteria
Committee Chair: John Morgan

Phenylalanine and tryptophan are valuable chemicals in the beverage, pharmaceutical
and animal feed industries. Currently, engineered heterotrophic microorganisms produce
phenylalanine and tryptophan from carbon sources, such as sugars. As an alternative
production strategy, we are investigating photosynthetic cyanobacteria to produce aromatic
amino acids from CO2. We are combining directed and evolutionary approaches. Initially,
we performed chemical mutagenesis on the cyanobacteria strains Synechococcus sp. PCC
7002 and Synechocystis sp. PCC 6803 and selected colonies for resistance to tryptophan
(Trp) or phenylalanine (Phe) analogs. The resistant colonies were subsequently screened
for overproduction of the aromatic amino acids. The mutants resistant to phenylalanine
analogs had significant increases of all three aromatic amino acids, but mutant strains
resistant to tryptophan analogs only had increased tryptophan. The aromatic amino acids
were detected both intracellularly and in the media. After one round of mutagenesis, the
best Synechocystis strain resistant to Phe had the intracellular levels of Phe increase 38fold compared to wild type, and the best Trp analog resistant strain increased Trp 130-fold.
To determine the mutations leading to the phenotype, we used next generation sequencing
to identify single nucleotide polymorphisms in genes of the shikimate and aromatic amino
acid pathway enzymes using next-generation sequencing (NGS).
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CHAPTER 1. INTRODUCTION

Phenylalanine and tryptophan are high value biochemicals with industrial and
agricultural applications [1-3]. In addition to its use as a feedstock to produce the artificial
sweetener aspartame, phenylalanine has been used as an intermediate for pharmaceuticals
such as HIV protease inhibitor, anti-inflammatory drugs, and catecholamines [4].
Tryptophan is used in the feed, food, and pharmaceutical industry [1, 2]. Worldwide
production of phenylalanine has been estimated at 30,000 tons per year and tryptophan at
14,000 tons per year [5].
Phenylalanine and tryptophan are both essential amino acids that are required in
animal diets, and are included as supplements in animal feed depending on composition
and cost of other feed protein sources. Tryptophan’s importance to the feed industry is
highlighted by the fact that it is the third limiting amino acid in growing pigs [2]. The
demand for animal protein products is expected to grow 1.7% annually until 2050, when
the global population is projected to exceed 9 billion [6]. Feed represents the highest
proportion of livestock and poultry production costs at 60-70% in most years [7], impacting
prices for meat and other animal products. The goal of modern animal feeding is to provide
all nutritional requirements at the least cost, and amino acids and proteins represent the
highest proportion of the cost [8]. As feed formulations have increasingly employed
distiller’s grains, Aijinomoto recently constructed a tryptophan production facility to meet
the demands for feed grade tryptophan [9]. Feed formulators may provide an excess of
protein to provide the limiting amino acid, but this leads to loss of excess amino acids
through excretion as the excess of the nonlimiting amino acids increases [10].
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To meet the demand for aromatic amino acids, crystalline phenylalanine and
tryptophan are produced in biotechnological processes using engineered microorganisms
such as Escherichia coli (E. coli) and Corynebacterium glutamicum (Corynebacterium) [1,
11]. Reported titers are as high as 51 g/L and 58 g/L for phenylalanine and tryptophan
respectively with estimated yields of 20-25 g/100 g sucrose for each [2].

Typical

feedstocks for Corynebacterium amino acid feedstocks are sugars from cane molasses, beet
molasses, and glucose from starch hydrolysates from corn and cassava [11].
Photoautotrophic cyanobacteria are an attractive alternative to the heterotrophic E.
coli and Corynebacterium production of the phenylalanine and tryptophan. Although
glucose and other carbon substrate feed to the microbial processes requires fixation of
carbon dioxide in plant biomass, photosynthetic efficiencies for converting solar energy to
biomass have been estimated to exceed 10% in cyanobacteria whereas terrestrial plants
such as switchgrass and corn have been estimated at 1% and 0.1%, respectively [12].
Cyanobacteria also have low nutrient requirements needing water, carbon dioxide,
minerals, and light as an energy source [13].
Previous work with phenylalanine and tryptophan analog resistant cyanobacteria
mutants demonstrated strains that overproduced modest titers of phenylalanine and
tryptophan respectively, but research interest has increased in growing microalgae for use
as animal feed [14]. Indeed, microalgae including cyanobacteria have total protein content
greater than conventional feedstuffs such as soybean meal [15]. However, a complete
animal feed must provide all nutritional requirements that includes metabolizable energy,
minerals, vitamins, and amino acids [10]. Cyanobacteria genetically altered to have higher
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levels of phenylalanine or tryptophan may potentially be substituted as a supplemental
source of amino acid and other nutrients.
Filamentous cyanobacteria such as Spirulina platensis have been investigated as
possible animal feed [16], but the model organisms Synechocystis sp. PCC 6803
(Synechocystis) and Synechococcus sp. PCC 7002 (Synechococcus) have characteristics
that make them ideal host organisms.

Synechococcus and Synechocystis both have

genomes that have been sequenced and are naturally transformable [17]. Synechococcus
has resistance to high light intensity and has as low as a four-hour doubling time under
optimal conditions [18, 19]. The fastest doubling times for Synechocystis have been
reported to be from 6-12 hours and several metabolic reconstructions have been made
based on annotation of its genome [17]. While Synechococcus has several characteristics,
including salt tolerance [20] and faster growth, making it a more attractive cyanobacterium
for metabolic engineering, it has fewer characterized synthetic biology parts than
Synechocystis [21].
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CHAPTER 2. BACKGROUND

The shikimate pathway transforms the precursors erythrose-4-phosphate and
phosphoenolpyruvate into chorismate, the common intermediate to the three aromatic
amino acids. The three aromatic amino acids are expensive to produce, and regulation of
aromatic amino acid biosynthesis has evolved to prevent waste of cellular resources [22].
Hall et al. (1982) demonstrated that cyanobacteria strains have diverse regulatory schemes
of the shikimate and aromatic amino acid pathways in their survey of 48 cyanobacteria
strains, categorizing phylogenetic relations through regulation of the pathways, and the
regulation schemes differ considerably from E. coli and Corynebacterium. Feedback
inhibition of the first enzyme 3-Deoxy-D-arabinoheptulosonate 7-phosphate (DAHP)
synthase by aromatic amino acid differed by species in the strains tested, but was
predominantly phenylalanine [23].

The three isoforms of DAHP synthase are each

individually inhibited by phenylalanine, tyrosine, and tryptophan in E. coli [3]. Further
differences between E. coli and cyanobacteria include regulation of the Phe/Tyr and Trp
branches. Chorismate mutase (CM) was only found to be feedback regulated in six strains
by Hall et al. in cyanobacteria, whereas the CM-prephenate dehydrogenase (PDH) is
inhibited by tyrosine and the CM-prephenate dehydratase (PD) complex is inhibited by
phenylalanine [1]. Prephenate is converted to hydroxyphenylpyruvate by CM-PD in E.
coli but is converted to arogenate in cyanobacteria through prephenate aminotransferase
(PAT) [24]. Prephenate dehydratase (PD) was activated by tyrosine and inhibited by
phenylalanine in 56% of 48 strains tested [23]. A summary of the observed regulation of
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the pathways of aromatic amino acid biosynthesis is provided in Figure 1 but does not
necessarily represent regulation in a single cyanobacteria strain.
The first step for microbial overproduction of phenylalanine or tryptophan is
removing feedback inhibition of the enzyme DAHP synthase to increase flux into the
shikimate pathway [1]. Synechocystis and Synechococcus each only have one DAHP
synthase annotated in public genome databases such as CyanoBase [25]. The feedback
inhibition of the first enzyme DAHP synthase by phenylalanine alone was characteristic of
the genera Synechocystis and occurred in several, but not all, of the Synechococcus strains
[23]. In the other Synechococcus strains, DAHP synthase was either not regulated by the
aromatic amino acids or were feedback inhibited by tyrosine.
Further deregulation of enzymes downstream of DAHP synthase are also required
to improve the productivity of the microbes. In the case of E. coli, the branch point enzyme
CM is deregulated to produce phenylalanine and anthranilate synthase (AS) is deregulated
to produce tryptophan [5].

Removal of feedback inhibition of DAHP synthase to

phenylalanine alone in a mutant of Synechocystis sp. 29108 was sufficient to confer
resistance to phenylalanine analogs and produce measurable amounts of extracellular Phe
and Tyr compared to non-detectable amounts in wild type [26]. No changes were observed
to prephenate dehydratase which remained activated by Tyr (in the presence or absence of
Phe) and inhibited by Phe. The deregulated DAHP synthase was thought to increase Tyr
such that it activated PD and also increased Phe.
Regulation of the shikimate and aromatic amino acid pathways was studied in part
by identifying microbial regulatory mutants of aromatic amino acid biosynthesis with the
use of amino acid analogs in both heterotrophic organisms such as E. coli and
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photoautotrophic cyanobacteria. The modes of growth inhibition that amino acid analogs
exert in biological systems make them effective screening tools to identify potential amino
acid overproducers. Amino acid analogs are toxic to cells and structurally similar to natural
amino acids, and therefore compete for the same enzyme sites as their counterparts. These
analogs may inhibit growth by incorporating into protein creating proteins that are less
functional or non-functional or by competitive inhibition of protein synthesis [27], and by
binding allosteric inhibition sites of enzymes in the respective amino acid biosynthetic
pathways [28]. In the case of the shikimate pathway, phenylalanine analogs may inhibit
any enzymes regulated through allosteric feedback inhibition such as DAHP synthase,
reducing biosynthesis of the aromatic amino acids for protein synthesis and stagnating
growth. Other potential sites include any branch point enzymes that are regulated by the
end product amino acid such as AS.
Amino acid analog selection was combined with random mutagenesis (i.e. chemical
and radiation) in various host organisms for production of valuable amino acids. Complete
deregulation through mutagenesis and screening may be difficult to achieve, so rational
engineering using recombinant DNA technology has been implemented to enhance
production strains [1].

Rational engineering of model organisms such E. coli and

Corynebacterium is feasible because the enzymatic and transcriptional regulation of these
organisms are well characterized. With the reduced cost of whole genome sequencing
using next-generation sequencing (NGS), random mutagenesis has become a feasible
option to discover new favorable mutations [29], and has been used in Corynebacterium
for enhancing production of lysine, methionine, and serine.

Moreover, random

mutagenesis, screening, and sequencing may identify key features of the aromatic amino
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acid biosynthesis pathway and gene regulation in less characterized species. Previous work
demonstrated DAHP synthase and other shikimate pathway enzymes lost feedback
inhibition in analog resistant cyanobacteria mutants through enzyme assays [26, 30, 31],
but did not determine the biochemical nature either of alterations in the gene coding region
or amino acids in the peptide sequence of the resistant enzyme. In contrast, specific amino
acid substitutions are known to occur in feedback resistant DAHP synthase [32], CM-PD
[33], and AS in E. coli, allowing for direct expression of these feedback resistant enzymes.
Additionally, expression of aromatic amino acid pathway biosynthesis and transport genes
is controlled by repressor proteins such as TyrR [5] and TrpR for genes in the Trp operon
in E. coli [1], but these repressor proteins are not known to exist in either Synechocystis or
Synechococcus [24, 34]. Genomic and transcriptomic analysis of Phe and Trp analog
resistant mutants may improve understanding of gene expression of shikimate and aromatic
amino acid pathway enzymes regardless of spcies.
In this work, methanesulfonate (MMS), a potent DNA alkylating agent that induces
base substitutions [35], was used for screening Synechocystis and Synechococcus for
resistance to the phenylalanine analog 3-(2-thienyl)-DL-alanine and with the tryptophan
analogs 5-fluoro-DL-tryptophan and 6-fluoro-DL-tryptophan. Mutants that overproduced
phenylalanine and tryptophan were then sequenced using the Illumina Mi-Seq platform.
The NGS data was then used to find mutations for enzymes in aromatic amino acid
biosynthesis.
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Figure 1. Observed enzyme regulation of the shikimate and aromatic amino acid pathways in cyanobacteria.
Not all regulation necessarily exists in a given cyanobacteria species. Adapted and modified from [24, 36].
E4P: erythrose-4-phosophate, PEP: phosphoenolpyruvate, DAHP: 3-Deoxy-D-arabinoheptulosonate 7phosphate, DHQ: 3-dehydroquinate, DHS: 3-dehydroshikimate, SHK: shikimate, S3P: shikimate-3phosphate, EPSP: 5-enolpyruvylshikimate 3-phosphate, CHA: chorismate, ANT: anthranilate, PRA:
Phosphoribosylanthranilate, CRP: 1-(2-Carboxyphenylamino)-1-deoxy-D-ribulose 5-phosphate, IGP:
Indoleglycerol phosphate, TRP: tryptophan, PPA: prephenate, PPY: phenylpyruvate, AGN: arogenate, PHE:
phenylalanine, TYR: tyrosine.
DAHPS: 3-Deoxy-D-arabinoheptulosonate 7-phosphate synthase, DHQS: 3-dehydroquinate synthase,
DHQD: 3-dehydroquinate dehydrogenase, SDH: shikimate dehydrogenase, SK: shikimate kinase, EPSPS: 5enolpyruvylshikimate 3-phosphate synthase, CS: chorismate synthase, AS: anthranilate synthase, APRT:
anthranilate phosphoribosyltransferase, PRAI: phosphoribosylanthranilate isomerase, TRPS: tryptophan
synthase, CM: chorismate mutase, PD: prephenate dehydratase, PAT prephenate aminotransferase.
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CHAPTER 3. MATERIALS AND METHODS

OPTICAL DENSITY
Growth is determined by measuring OD at 730 nm using a Beckman DU Series 500
Spectrophometer within the linear range of less than 0.4.
MUTAGENESIS AND MUTANT SELECTION
The mutagenesis procedure is modified from previous work with Synechocystis
and methyl methanesulfonate (MMS) [37]. MMS is mixed with cyanobacteria at 1% v/v
for one minute and then sodium thiosulfate was added to quench the reaction for culture
volumes greater than 1.5 mL. The mutagen is then washed by centrifugation, supernatant
removal, and resuspension in growth medium three times.
Cells were then immediately cultivated in growth medium supplemented with
amino acid analog or were incubated at room temperature in the dark for 24 hours before
spreading on agar plates containing amino acid analog. Cells cultivated in liquid growth
medium with analog were diluted before plating on amino acid analog plates. Colonies
were restreaked on analog containing plates a minimum of three times.
METABOLITE EXTRACTION
Cells were pelleted by centrifugation. The supernatant is gathered for analysis for
extracellular metabolites and mixed with equal volume of 100% methanol. The cell pellet
is extracted with 500 µL of 100% methanol followed by two more times with 50%
methanol with p-fluoro-DL-phenylalanine as internal standard. The extractions occur at 20°C for 30 minutes. Supernatants are removed and pooled after each extraction. The
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pooled extracts are dried to completeness in a Labconco CentriVap Concentrator, typically
18-24 hours. Dried extracts are reconstituted in 50% methanol.
LC-MS/MS ANALYSIS
Reconstituted samples are used for injection into a Shimadzu LC-10 system
coupled to an ABSciex 5500 triple quadrupole mass spectrometer in negative ion mode.
The column is an Agilent XDB-C8 column. Solvent A is 2.5 mM ammonium acetate at
pH 5.3. Solvent B is 98% acetonitrile, 2% water, and 0.2% formic acid. The concentration
of solvent B is as follows: 10% for 1 minute, linear ramp to 20% for 3 minutes, linear
ramp to 70% for 3 minutes, hold 70% for 3 minutes, linear ramp to 10% for 1 minute, and
hold 10% for 3 minutes.
SYNECHOCOCCUS GROWTH CONDITIONS
Synechococcus was grown in shake flasks under 150 µE/m2-s fluorescent lights at
38°C and 200 rpm in A+ medium [38].
SYNECHOCYSTIS GROWTH CONDITIONS
Synechocystis was cultured in shake flasks under 40 µE/m2-s fluorescent lights at
30°C and 200 rpm in BG11 [39].
AGAR PLATES
Agar solutions are made at 1.5% w/v Difco Bacto agar (Becton Dickonson) with 3
g/L sodium thiosulfate. Solutions are autoclaved and supplements (e.g. vitamin B12 for
A+ medium or analog) are added and mixed before dispensing in the plates.
GENE SEQUENCING AND SNP AND INDEL ANALYSIS
Genomic DNA was extracted using a modified procedure [40, 41]. Synechocystis
was treated with ampicillin (200 µg/mL) overnight before cell lysis. While cultures were
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in exponential phase, cells were pelleted and resuspended in 0.05 volumes of lysis buffer
(25% sucrose in 50 mM Tris-HCl, pH 8, 100 mM disodium EDTA). Cells were then
incubated at 65°C for 30 minutes. After several freeze thaw cycles with liquid nitrogen,
lysozyme was added to a final concentration of 5 mg/mL and incubated for 30 minutes at
37°C. Sarkosyl was added to 1% v/v to the cell lysis solution before incubation at 55°C
for at least four hours. The lysis solution was centrifuged and DNA was extracted from
the supernatant by phenol-chloroform extraction.
DNA sequencing was run on the Illumina MiSeq platform (2x150) at the Purdue
University Genomics Core Facility.

The raw paired end data was trimmed using

Trimmomatic [42] to remove low quality reads and known adaptor sequences. Filtered
paired end reads were then mapped to reference genomes for Synechocystis sp. PCC 6803
substrain GT-I and Synechococcus sp. PCC 7002 using Bowtie2 [43]. SNPs and indels
were called using Genome Analysis Toolkit (GATK) UnifiedGenotyper [44] after indel
realignment. Ploidy for SNP and indel calls were set to 6 for Synechococcus [17] and 15
for Synechocystis [45]. SNPs and indels with read depths less than 5 or greater than 200
(two times the average read depth) or quality scores lower than 20 were filtered out of the
call set. Effects of SNPs were annotated using SnpEff [46].
AMINO ACID ANALOGS
The analogs 3 (2-thienyl)-DL-alanine, m-fluoro-DL-phenylalanine, p-fluoro-DLphenylalanine, and 5-fluoro-DL-tryptophan were purchased from Sigma-Aldrich.
fluoro-DL-trypophan was purchased from Acros Organics.

6-
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CHAPTER 4. RESULTS

After initial MMS treatment and several rounds of inoculation in medium
containing the phenylalanine analog 3 (2-thienyl)-alanine, the growth of a culture of
Synechococcus was tested in the presence of analog as shown in Figure S1. The growth of
the mutant population was similar with or without the analog so a single colony was
isolated in the presence of the analog.
The ten largest colonies of Synechococcus from a plate with selective 6-fluorotryptophan were screened. When transferred to liquid A+ medium, one colony was
recovered within nine days, while the other nine colonies were not recovered within that
time span. The recovered colony was chosen and became Synechococcus 6FT1 because
the other mutants showed poorer growth when transferring back to liquid culture.
A culture of Synechocystis resistant to 3 (2-thienyl)-alanine was plated to isolate
individual colonies. The amino acid concentrations of the three aromatic amino acids were
measured after inoculating the isolated colonies in BG11 and the results are shown in Table
S1. The intracellular metabolites are not significantly different so the original culture was
determined to be clonal.
Also shown in Table S1 are the results from screening Synechocystis mutants
resistant to 5-fluoro-tryptophan. Each of the mutants overproduced tryptophan compared
to wild type, but colony 4 outperformed the others. Colony 4 was then chosen as
Synechocystis 5FT1.
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Table 1. Resistance of tryptophan and phenylalanine overproducing Synechocystis and Synechococcus
strains to amino acid analogs. The + sign indicates resistance on agar with analog concentration that was
completely inhibitory to wild type whereas - indicates no growth.
3 (2-thienyl)- m-fluorop-fluoro5-fluoroalanine
phenylalanine phenylalanine tryptophan

Strain
Synechocystis

6-fluorotryptophan

5FT1 -

-

-

+

+

TA1

+

+

+

+

-

Synechococcus 6FT1 -

-

-

+

+

+

+

+

+

TA1

+

Tryptophan overproducing mutants should also be resistant to other tryptophan
analogs, and similarly phenylalanine overproducing strains are expected to have resistance
to other phenylalanine analogs. Table 1 indeed shows that the tryptophan mutants were
resistant to both tryptophan analogs and the phenylalanine mutants were resistant to all
phenylalanine analogs tested, consistent with tryptophan and phenylalanine overproducers.
Interestingly, Synechocystis strain TA1 was also resistant to 5-fluoro-tryptophan and
Synechococcus strain TA1 was resistant to both tryptophan analogs.
Intracellular and extracellular aromatic amino acids were measured from the four
mutant strains, and Synechocystis and Synechococcus wild type strains. As shown in
Figure 2 and Figure 3, the phenylalanine analog resistant strains are overproducers of
phenylalanine and the tryptophan analog resistant strains overproduce tryptophan.
Additionally, the phenylalanine analog resistant strains also overproduce tyrosine and
tryptophan. Although intracellular concentrations of phenylalanine and tyrosine showed
no statistically significant change for Synechocystis 5FT1 and Synechococcus 6FT1, there
was a decrease in the extracellular concentration of phenylalanine.
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a)

b)

Figure 2. Amino acid concentrations measured (a) intracellularly and (b) in the growth medium for
Synechocystis strains after one week of growth. Black bars wild type, green bars strain TA1, and blue bars
strain 5FT1. Error bars indicate standard deviation of three replicates. Asterisks indicate p-value less than
0.05 compared to wild type using a paired student t-test.
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a)

b)

Figure 3. Amino acid concentrations measured (a) intracellularly and (b) in the growth medium for
Synechococcus strains after four days of growth. Black bars wild type, grey bars strain TA1, and orange bars
strain 6FT1. Error bars indicate standard deviation of three replicates. Asterisks indicate p-value less than
0.05 compared to wild type using a paired student t-test.
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Table 2. Summary of the SNP mutation effects in analog resistant strains.

Species
Synechocystis

Strain
TA1
5FT1
Synechococcus TA1
6FT1

Missense
2413
2138
682
1039

Nonsense
111
70
32
49

Silent
826
711
254
375

A summary of the SNP calling pipeline results is included for the analog resistant
strains in Table 2. In each case, the amount of called SNPs was 0.1% or less of the
respective genome, 3.6 Mb and 3.4 Mb for Synechocystis and Synechococcus. No indels
were identified for any strain in the variant calling pipeline. The nonsense mutations
include added stops and lost starts. The polyploid nature of both species and existence of
multiple isoforms of proteins may mitigate the nonsense mutations. Additionally, the
nonsense mutations may have occurred at nonessential genes such as genes annotated as
hypothetical proteins. For each mutant, the missense mutations were the majority of SNPs
called.
Table 3 shows the amino acid substitutions for shikimate and aromatic amino acid
pathway enzymes identified through the NGS variant calling pipeline for each analog
resistant mutant. In the Synechocystis strains, missense mutations in DAHP synthase were
only found in the TA1 strain. The aromatic amino acid measurements and NGS results
suggest that DAHP synthase feedback resistance was alleviated in Synechocystis TA1 and
that Trp does not regulated DAHP synthase in wild type. Interestingly, the same AS alpha
subunit isoform in the Synechocystis mutants both had a stop codon introduced at amino
acid residue 448. The results of 5FT1 suggest that feedback regulation was alleviated at
AS, but Trp accumulation was 19-fold higher in 5FT1 than TA1. Other effects may explain
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the lower flux towards Phe/Tyr in 5FT1 such as a more active Phe/Tyr branch in the 5FT1
mutant.
Table 3. Amino acid changes of missense mutations in shikimate pathway enzymes identified from SNP
analysis of NGS data from analog resistant strains.

Species

Strain

Gene Symbol

Protein Product

Synechocystis

TA1

ccmA

DAHP Synthase

trpE

Anthranilate Synthase
Alpha Subunit 1

trpG

Anthranilate Synthase
Beta Subunit

G92D

aroA

Chorismate Synthase

V209G
V210G

aroH

Chorismate Mutase

V52F

trpE

Anthranilate Synthase
Alpha Subunit I
Prephenate
Dehydratase

Q448Stop

aroQ

3-Dehydroquinate
Synthase

V99L

aroE

Shikimate
Dehydrogenase

V140G
H144P

trpE

Anthranilate Synthase
Alpha Subunit

S51F

aroF

DAHP synthase

H35Q

5FT1

Synechococcus

TA1

6FT1

pheA

Amino Acid
Change
N238H
I188N
V66E
Y438H
Q448Stop

T201P
A204E

The NGS results revealed a missense mutation in DAHP synthase for
Synechococcus 6FT1 and not in TA1. However, increases in all aromatic amino acids were
seen for mutant TA1 but only Trp increased in 6FT1, suggesting no feedback regulation of
DAHP synthase in Synechococcus. The missense mutations in DHS and SDH suggest that
either enzyme or both may regulate flux of the shikimate pathway in Synechococcus. The
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missense mutation of AS in strain 6FT1 suggest that feedback regulation was relieved in
this strain and was sufficient to pull flux through the Trp branch.
Multiple SNPs were called for called for Synechocystis TA1 DAHP synthase and
AS subunit I, and for Synechocystis TA1 PD and SDH. Synechocystis and Synechococcus
are both polyploid species with multiple copies of their respective chromosome [17, 45],
and mutagenesis is expected to occur randomly across all copies of the genome such that
the mutations in Table 3 may have occurred on a single chromosome or on separate
chromosomes. The Illumina Mi-Seq platform reads fragments of 150 base pairs and as
such can only determine if two mutations occurred on the same gene copy if they are within
150 base pairs of each other. It is not possible for V66E to be on the same reads as N238H
and I188N, but the V66E mutation is present in all copies because the reads showed
complete substitution of the wild type base pair. Although I188N and N238H are within
150 base pairs, no reads mapped to the genome overlapped the respectively bases and it is
unknown whether these occur in tandem on DAHP synthase.
Table S4, Table S5, Table S6, and Table S7 show the pairs of nonreference bases
on the same aligned reads in Synechocystis TA1 AS alpha subunit I (SYNGTI_0112),
Synechocystis 5FT1 CS, Synechococcus TA1 PD, and Synechococcus TA1 SDH,
respectively. Reads indeed existed in which the two base pair substitutions occurred
suggesting that there are copies of each gene that have both missense mutations, but others
that contain only one mutation or wild type bases. These only represented 12% for
Synechocystis TA1 AS alpha subunit I, 14% for Synechocystis 5FT1 CS, 13% for
Synechococcus TA1 PD, and 20% for Synechococcus TA1 SDH of the reads, respectively.
If any of these missense mutations are responsible for the increased Phe and Trp production
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phenotypes, then further segregation of these mutations in the genome should improve Phe
and Trp accumulation.
In a comparison with enzymes with known allosteric amino acid residues, a
truncated BLAST alignment [47] of the AS sequences of Synechococcus and Salmonella
typhimurium is displayed in Figure 4. Of the 11 amino acid residues that form the
tryptophan binding pocket of Salmonella AS [48], 9 amino acid residues are identical or
similar in a contiguous sequence of residues 19-510 of Salmonella. Indeed, the results for
Synechococcus 6FT1 show a substitution of serine to phenylalanine that aligns with S40 in
Salmonella which generates a feedback resistant AS after substitution to phenylalanine
[49]. The conserved regions of AS between Synechococcus and Salmonella provide strong
evidence that the same amino acid residues are responsible for allosteric binding and
feedback inhibition of anthranilate synthase in Synechococcus.

Figure 4. Truncated BLAST amino acid alignment of anthranilate synthase component I. Truncated portions
include gaps in alignment. Upper sequence Salmonella typhimurium and lower sequence Synechococcus sp.
PCC 7002. Underlined residues indicate hydrophobic interactions and bolded residues indicate hydrogen
bonding interactions with tryptophan as modeled in Salmonella [48]. Red amino acid residue indicates the
location of the mutation S51F in Synechococcus 6FT1.
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CHAPTER 5. DISCUSSION

The shikimate pathway mutations and amino acid accumulation in Synechocystis
TA1 are consistent with previous literature on cyanobacteria. Very few cyanobacteria
strains were observed to have feedback regulation at chorismate mutase in the study by
Hall et al. (1982), but 56% percent of the strains showed inhibition of PD by phenylalanine
and activation by tyrosine.

In this regulatory scheme, the tyrosine sub-branch is

unregulated and will accumulate in excess flux of the shikimate pathway, activating the
phenylalanine sub-branch to synthesize phenylalanine to inhibit the initial step of the
shikimate pathway. For the TA1 mutant, this requires that tyrosine activation of PD in the
presence of phenylalanine; similarly, a mutant Synechocystis sp. 29108 that excreted both
tyrosine and phenylalanine was found to have a deregulated DAHP synthase but also an
unaltered prephenate dehydratase inhibited and activated by phenylalanine and tyrosine
respectively [26]. Hall and Jensen also suggested that tyrosine and phenylalanine could
bind to a common site in prephenate dehydratase after observing that activation of PD in
the presence of both tyrosine and phenylalanine. A previous study of a mutant of
Synechocystis sp. PCC 6803 resistant to p-fluoro-DL-phenylalanine excreted all three
aromatic amino acids compared to non-detectable amounts for wild type [50], consistent
with the overall increase of aromatic amino acids in Synechocystis TA1. The accumulation
of the three aromatic amino acids in media for the mutant characterized Labarrre et al. and
in TA1 is evidence that the regulation of aromatic amino acid biosynthesis in Synechocystis
sp. PCC 6803 has been conserved from its genus.
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The aromatic amino acid profiles and mutations for Synechocystis 5FT1 are also
consistent with regulation of the shikimate and aromatic amino acid pathways found in
Synechocystis sp. 29108. DAHP synthase was not found to have mutations in mutant 5FT1.
Any mutations that remove feedback inhibition of DAHP synthase by phenylalanine would
cause accumulation of Tyr and Phe as PD would be activated. For mutant 5FT1,
accumulation of tryptophan and the mutation in AS subunit I suggests that there is not
feedback regulation of DAHP synthase by tryptophan and that AS has lost feedback
regulation. Interestingly, the same mutation Q448Stop in AS subunit I occurred in both
TA1 and 5FT1. Synechocystis TA1 had accumulated higher concentrations of all three
aromatic amino acids than wild type, but its intracellular Trp concentration was 19-fold
lower than 5FT1. Competition between the Phe/Tyr branch and Trp could prevent
accumulation of Trp in strain 5FT1. However, full segregation of the Q448Stop mutation
was not achieved, and another missense mutation occurred on AS subunit I in strain 5FT1,
further obscuring the effect of the 448Stop mutation in strains 5FT1 and TA1.
As opposed to the characteristic feedback regulation of DAHP synthase in the
genus Synechocystis, strains from the genus Synechococcus were grouped based on
regulation of DAHP synthase [23].

One group displayed feedback inhibition by

phenylalanine while the other showed weak or no feedback inhibition or feedback
inhibition by tyrosine. Synechococcus sp. PCC 7002 may fall in the latter category,
because the NGS results show no mutations in DAHP synthase Synechococcus TA1. In
absence of regulation of DAHP synthase, other modes of regulation or bottlenecks are
possible in wild type that may explain the changes seen in the two Synechococcus mutants.
Indeed, shikimate dehydrogenase is feedback regulated by shikimate in E. coli [51], in
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addition to feedback inhibition of DAHP synthase. Although regulation of the initial step
of the shikimate pathway is common, Synechococcus may have lower flux potential, even
with a potentially unregulated DAHP synthase, than higher prokaryotes into the shikimate
pathway as more robust regulation at the branch points was postulated to emerge after
organisms had reached quantitative potential to produce the aromatic amino acids [22].
The conservation of the allosteric binding site motifs from Salmonella AS
component I in Synechococcus, and the observation of tryptophan accumulation in the
6FT1 with the same serine to phenylalanine substitution suggests that these motifs have
the same allosteric effects in Synechococcus. The alignment only produced 33% identity
which suggests that the conserved allosteric sites tolerate have tolerated changes to the
amino acid sequence. In fact, the Synechococcus sequence identity with Salmonella is
above the threshold of 30% that can often accurately predict a protein structure to that of a
low resolution X-ray structure using known protein structure as reference [52].
Mutations at the other motifs in Synechococcus may also remove allosteric
feedback regulation from tryptophan, as mutations of these amino acid residues in
Salmonella AS also result in feedback resistance [48]. A more systematic approach such
as site-directed mutagenesis at the other conserved amino acid residues in Synechococcus
may yield more feedback resistant versions of Synechococcus AS. The identification of
the probable allosteric binding sites in Synechococcus AS demonstrates the utility of
random mutagenesis in the NGS era for uncharacterized organisms.
Mutagenesis and amino acid analog screening has also been recently applied to
Corynebacterium for the enhanced production of arginine, methionine, lysine, and serine
[53-56].

The studies used NGS results to complement rational engineering of
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overproducing strains, and in some cases within the mutagenized strain itself. One study
identified SNPs in arginine biosynthesis genes such as the arginine operon repressor ArgR
which the authors subsequently deleted from subsequent strains [53]. In a lysine producing
strain, RNA-seq showed upregulation of lysine biosynthesis genes along with SNPs in
other upregulated genes [54]. Similar expression data has not been gathered for the
Synechocystis and Synechococcus strains in this work, but such data would provide insights
into regulation of aromatic amino acid biosynthesis.
After producing the Corynebacterium mutants and using omics level data, several
groups engineered the analog resistant mutants. NADPH is required for arginine synthesis
so flux was re-routed through the oxidative pentose phosphate pathway [53], increasing
productivity. Competing pathways for methionine synthesis were also deleted [56]. Other
omics data in on top of the NGS data presented on the mutants in this work will provide
guidance on how to use these strains for rational engineering of the cyanobacteria strains.

24

CHAPTER 6. FUTURE WORK

METABOLOMIC PROFILING
Only measurements of the aromatic amino acids have been made so far. In the case
of Synechococcus, the TA1 strain outperformed the 6FT1 strain in total aromatic amino
acid output. The TA1 strain had additional SNPs called in the intermediate steps between
DAHP and chorismate which may have removed bottlenecks for the TA1 strain but not in
the 6FT1 strain. Metabolomics of the intermediates will provide more information into the
efficiency of the intermediate steps in the mutants. It would also be interesting to profile
the Synechocystis mutants because no SNPs were called for intermediate enzymes in the
shikimate pathway.
ENGINEERING OF ANALOG RESISTANT STRAINS
The mutant strains do not appear to have adverse phenotypes as evidenced by
similar growth rates to the respective wild type strains in Table S2 and Table S3, and appear
to be good candidates for rational engineering. Recently, this approach was used increase
production of a randomly mutagenized strain of Corynebacterium to increase serine
production from sucrose [56]. A typical rational engineering approach is to remove amino
acid uptake proteins.

The gene natA encodes a conserved component of an ABC

transporter of amino acids, and knockout of this gene reduced uptake activity of
phenylalanine in Synechocystis to less than 1% of wild type [57]. Deletion of this gene
should improve accumulation of Phe in the medium in Synechocystis TA1. Literature on
amino acid uptake proteins in Synechococcus was not found, but deletion of

25
SYNPCC7002_A1436 was chosen because it was listed as having the highest homology
on CyanoBase [25].
Only one mutation to transketolase (tkt) was found in Synechocystis 5FT1 found,
but it’s effect has not been determined. Transketolase, which catalyzes the formation of
shikimate pathway precursor erythrose-4-phoshate (E4P), was shown to be a limiting factor
for synthesis of DAHP in E. coli with a feedback resistant and highly active DAHP
synthase [58]. Transketolase may additionally improve carbon fixation, further increasing
aromatic amino acid production, because of its role in the Calvin cycle. Overexpression of
tkt will also be tested in the analog resistant mutant strains.
Strategies must be implemented to optimize flux to the desired amino acid. Both
Phe and Tyr accumulate in Synechocystis and Synechococcus Phe analog resistant strains.
Flux into the Tyr branch may be accomplished through knocking in of regulated enzymes
or through downregulation of the native pathway enzymes using tools such as CRISPR
interference. But, this strategy will require expression of a heterologous prephenate
dehydratase that is not feedback inhibited by phenylalanine. To improve the productivity
of the Trp analog resistant strains, overexpression of feedback resistant DAHP synthase
may be required to increase flux towards chorismate. However, chorismate mutase appears
to be unregulated as seen in previous cyanobacteria and will lead to accumulation of Tyr
and Phe. Knock in of a regulated chorismate mutase or downregulation of the native
enzymes will need to be implemented for any Trp producing strains overexpressing DAHP
synthase. Finally, Phe and Tyr auxotrophies could be made in the Trp producing strains
and Tyr and Trp auxotrophies in the Phe producing strain.
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ADDITIONAL MUTAGENESIS
Additional rounds of mutagenesis and screening on higher concentrations of
analogs will be conducted using Synechocystis TA1. This sequential approach was used
to achieve incremental temperature resistance in Synechocystis [37] while changing
mutagens after two rounds from UV to MMS. Mutagens other than MMS will be used in
subsequence rounds to reduce the bias of the mutagenesis. Different analogs than used to
isolate the strains (e.g. m-fluoro-DL-phenylalanine for Synechocystis TA1) will also be
applied in mutant screening, to prevent bias of resistance to a single amino acid analog.
ENZYME ASSAYS
In vitro enzyme assays will be conducted to measure any feedback inhibition of
DAHP synthase to each aromatic amino acid in Synechocystis and Synechococcus. The
assays will determine if feedback regulation has been relieved in Synechocystis TA1 and if
feedback regulation exists in wild type Synechococcus. Other enzymes to test include
shikimate dehydrogenase in Synechococcus and prephenate dehydratase in both species.
VALIDATION OF EFFECTS OF SNPS
The mutant enzymes will be expressed to validate phenotypes. For example, the
V66E mutation of DAHP synthase in Synechocystis will be tested to determine if that is
sufficient to drive overaccumulation of Phe and Tyr, because it was the single example of
a fully segregated mutation. Combinations of the other mutations in DAHP synthase of
Synechocystis will also be tested. The 448Stop mutation will also be expressed to test if it
is responsible for increased production of tryptophan in Synechocystis. For Synechococcus,
the mutations of DHS, SDH, and PD will be tested.
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NGS COMPARISON OF ANALOG RESISTANT MUTANTS
More strains of Synechocystis will be isolated for resistance to the analog 3-(2thienyl)-DL-alanine, and more strains of Synechococcus will be isolated for resistance to
3-(2-thienyl)-DL-alanine and 5-fluoro-DL-tryptophan, respectively. The most productive
strains that overproduce phenylalanine and tryptophan will be used for comparison of
genotypes through NGS variant calling. The comparison groups will be at least three
mutants resistant to Phe analog and at least three mutants resistant to Trp analog, for each
respective species. The analysis will look for common SNPs for relevant proteins and
conduct a gene set enrichment analysis on common SNPs found across the genome.
Spontaneous mutants, with no mutagen added, were also observed when selecting for
analog resistant cyanobacteria. The spontaneous mutants will also be selected for growth
and aromatic amino acid production, and the highest performers will also be sequenced as
they should have fewer mutations.
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SUPPLEMENTARY INFORMATION

Figure S1. Growth of Synechococcus strains in the presence of 1 mg/mL 3-(2-thienyl)-alanine. Error bars
are standard deviations of three replicates.

Table S1. Intracellular concentrations of phenylalanine analog resistant and tryptophan analog resistant
Synechocystis mutant colonies from screening process. a Standard deviation of three replicates.

Analog

Colony
Number

Phe (mM)

Tyr (mM)

Trp (mM)

3 (2-thienyl)-alanine
3 (2-thienyl)-alanine
3 (2-thienyl)-alanine
3 (2-thienyl)-alanine
3 (2-thienyl)-alanine
5-fluoro-tryptophan
5-fluoro-tryptophan
5-fluoro-tryptophan

1
2
3
4
5
1
2
3

15.4
13.6
13.8
17.3
16.6
0.147±0.020a
0.213±0.046a
0.112±0.007a

7.30
5.62
5.88
6.79
5.71
0.383±0.071a
0.212±0.058a
0.207±0.009a

0.332
0.321
0.287
0.319
0.331
1.82±0.73a
2.77±0.40a
5.88±0.11a
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Table S2. Synechococcus specific growth rates (n=3) in shake flasks at 38°C and 150 µE/m2-s.

Strain
WT
TA1
6FT1

µ (h-1)
0.055±0.003
0.047±0.003
0.044±0.007

Table S3. Synechocystis specific growth rates (n=3) in shake flasks at 30°C and 40 µE/m2-s.

Strain
WT
TA1
5FT1

µ (h-1)
0.041±0.004
0.041±0.003
0.043±0.003

Table S4. Bases for which at least one read is nonreference in Synechocystis TA1 anthranilate synthase alpha
subunit (SYNGTI_0112). Reference base at 128497 is T and 128527 is G. Asterisk represents the pairs of
substituted bases yielding the double mutation Y438H (128497) and Q448Stop (128527). Hyphen denotes
missing base because end of fragment was reached.

Read at position
128497/128527
CT*
CG
CTT

Number
15
10
2
8

Table S5. Bases for which at least one read is nonreference in Synechocystis 5FT1 chorismate synthase.
Reference base at 922111 is A and 922114 is A. Asterisk represents the pairs of substituted bases yielding
the double mutation V209G (922114) and V210G (922111).

Read at position
922111/922114
CC*
CG
CA
TC

Number
19
3
6
29
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Table S6. Bases for which at least one read is nonreference in Synechococcus TA1 prephenate dehydratase.
Reference base at 2488363 is A and 2488373 is C. Asterisk represents the pairs of substituted bases yielding
the double mutation T201P (2488363) and A204E (2488373). Hyphen denotes missing base because end of
fragment was reached.

Read at position
2488363/2488373
CA*
CC
TA
AA
-A

Number
9
2
1
2
2

Table S7. Bases for which at least one read is nonreference in Synechococcus TA1 prephenate dehydratase.
Reference base at 1817954 is T and 1817966 is A. Asterisk represents the pairs of substituted bases yielding
the double mutation V140G (1817954) and H144P (1817966). Hyphen denotes missing base because end of
fragment was reached.

Read at position
1817954/1817966
GT
GC*
GA
GTC
TT

Number
2
6
3
2
2
1
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APPENDIX

Table A1. List of abbreviations used.

Name
Adenosine Diphosphate
Anthranilate Phosphoribosyltransferase
Anthranilate Synthase
Adenosine Triphosphate
Colony Forming Units
Chorismate Mutase
Chorismate Synthase
3-deoxy-D-arabino-heptulosonate
3-deoxy-D-arabino-heptulosonate Synthase
3-Dehydroquinate Dehydratase
3-Dehydroquinate Synthase
5-Enolpyruvylshikimate 3-Phosphate Synthase
Glyceraldehyde-3-Phosphate
Liquid Chromatography
Methyl Methanesulfonate
Mass Spectrometry
Prephenate Aminotransferase
Prephenate Dehydratase
Prephenate Dehydrogenase
Inorganic Phosphate
Inorganic Pyrophosphate
Phosphoribosylanthranilate Isomerase
Phosphoribosyl Pyrophosphate
Research and Development
Reverse Transcription-Polymerase Chain
Reaction
Shikimate Dehydrogenase
Shikimate Kinase
Tryptophan Synthase

Abbreviation
ADP
APRT
AS
ATP
CFU
CM
CS
DAHP
DAHPS
DHQD
DHQS
EPSPS
GAP
LC
MMS
MS
PAT
PD
PDH
Pi
Ppi
PRAI
PRPP
R&D
RT-PCR
SDH
SK
TRPS

